ABSTRACT: Obesity is a major health issue worldwide, and is associated with many diseases including type 2 diabetes. In this study, we evaluated the anti-obesity effects of combinations of two lactic acid bacteria (LAB), Lactobacillus curvatus HY7601 and Lactobacillus plantarum KY1032, and Cinnamomi Ramulus (CR) extract, and explored the mechanism through which they modulate gut microbiota using diet-induced obese mice. Male C57BL/6J mice were randomly divided into five groups that received a high-fat diet (HFD), HFD and LAB (HFD+LAB), HFD and CR extract (HFD+CR), HFD with LAB and CR extract (HFD+LAB+CR), or normal diet for 10 weeks. The mice in the HFD+LAB+CR group showed significant reductions in body weight gain, in particular epididymal fat and liver, blood leptin levels, and an increase in the levels of blood adiponectin. In addition, the LAB and CR extract altered the gut microbiota, mainly increasing the alpha diversity. These results demonstrate that a mixture of two LAB (Lactobacillus curvatus HY7601 and Lactobacillus plantarum KY1032) and CR extracts alleviate HFD-induced obesity, and has potential of being used as a strategy for the treatment of obesity.
INTRODUCTION
Obesity, a condition in which excess body fat accumulates due to hyperplasia and/or adipocyte hypertrophy (Gan et al., 2017) , is a major health issue worldwide and is closely related to metabolic diseases, such as type 2 diabetes, cardiovascular disease, and several types of cancer (Bray, 2000; Leonhardt et al., 1999) . According to the World Health Organization, at least 2.8 million people die each year as a consequence of being overweight or obese (Rahman et al., 2017) . The two drugs approved by the U.S. Food and Drug Administration, orlistat and sibutramine, are reported to have side effects including gastro-intestinal discomforts, high blood pressure, constipation, headache, heart attack, and insomnia (Heck, 2000; Yun, 2010) . Thus, the development of effective natural products for treatment of obesity might evoke interest as they are likely to have minimal side effects.
In recent studies, it has been reported that composition of intestinal microbiota is highly associated with the development of obesity and other related metabolic disorders (Ridaura et al., 2013) . The metabolic activities of intestinal microbiota make use of dietary substances ingested by the host; the bacteria help store calories in the host's adipose tissue and utilize the nutrients for their proliferation, regulating the energy expenditure of the host (DiBaise et al., 2008) . Modifying intestinal microbiota could therefore be an option for treating obesity in the future.
Cinnamomi Ramulus (CR), the twig of Cinnamomum cassia Blume, has traditionally been used for treating disorders related to blood circulation and inflammation (Kang and Shin, 2012) . Recent studies have demonstrated that CR has various pharmacological effects; for example, CR possesses anti-diabetic (Suppapitiporn et al., 2006) and gastroprotective properties (Jung et al., 2011) . Although the associated mechanisms remain unclear, an in vitro study reported that CR reduces lipid accumulation and downregulates expression of adipocyte-differentiation factors in 3T3-L1 preadipocytes (Han et al., 2013) .
In our recent study, we reported that oral intake of Lactobacillus curvatus HY7601 and Lactobacillus plantarum KY1032 (hereafter, referred to as HY7601 and KY1032, respectively) reduces body fat in mice and humans (Ahn et al., 2015; Park et al., 2013; Yoo et al., 2013) , and demonstrated its antiadipogenic effect using 3T3-L1 and HepG2 cells (Jeung et al., 2018) . When mice were fed a high-fat diet (HFD) for 8 weeks to induce obesity, followed by a HFD containing HY7601 and KY1032 for an additional 10 weeks, there was a reduction in body weight gain, fat accumulation, and levels of obesity-related factors . Moreover, the accumulation of fat in adipose tissue and liver was reduced when the mice were fed a HFD containing HY7601 and KY1032 ). An in vitro study indicated that HY7601 and KY1032 reduces adipogenesis in 3T3-L1 and HepG2 cells by regulating transcription factors related to adipogenesis (Jeung et al., 2018) . Based on these findings, the present study was conducted to investigate the synergistic effect of feeding HY7601, KY1032, and CR on obesity, and to decipher the mechanism underlying modification of intestinal microbiota in diet-induced obese mice.
MATERIALS AND METHODS

Isolation of lactic acid bacteria (LAB) strains
HY7601 and KY1032 were isolated from kimchi, a Korean traditional dish using fermented cabbage. HY7601 and KY1032 were grown anaerobically in deMan-RogosaSharpe medium at 37 o C for 18 h, collected by centrifugation, and the pellets were washed with sterilized phosphate-buffered saline (PBS). The cells were stored at −20 o C until use.
Preparation of aqueous extract of CR
Dried CR was purchased from Humanherb (Daegu, Korea). After washing, CR was soaked in water (dried CR : water=1:10) for 24 h at 85 o C, and filtered. The filtrate was concentrated under reduced pressure in a rotary evaporator to obtain the CR extract at a yield of 6∼7%. After freeze-drying, the powdered CR extract was stored at −20 o C until use.
Animals, diet, and experimental design
Forty 6-week-old male C57BL/6J mice were purchased from Taconic Biosciences (Hudson, NY, USA). Two mice were housed in one cage at a constant temperature and humidity (23±2 o C and 55±10%, respectively) under a 12-h light/12-h dark cycle. After 1 week for adaptation, mice were randomly divided into five groups (n=8 per group) and fed a normal diet (ND), high-fat diet (HFD), HFD with HY7601 and KY1032 [10 9 colony-forming units (CFU)/d], HFD with CR (CR, 2.5 mg/d), and HFD with HY7601, KY1032, and CR (LAB+CR) for 10 weeks. The probiotic and CR supplements were prepared and mixed with the diet (3 g per mouse) every week and mice were given free access to food. Food intake and body weight were measured once a week. After 10 weeks, the mice were killed under anesthesia, and blood, liver, and epididymal fat were collected. Feces were collected during the final 2 days to determine the content of fecal microbiota. The experimental procedures were approved by the Ethics Review Committee of the Korea Yakult Company Limited R&D Center, Korea (AEC-2018-00054-Y).
Histological analysis
Epididymal white adipose tissue was collected and washed with sterile PBS, fixed in 10% (v/v) formalin/PBS, and embedded in paraffin for staining with hematoxylin and eosin. The stained area was viewed under a microscope (Olympus, Tokyo, Japan), and the size of adipocytes was measured using ImageJ software (National Institutes of Health, Bethesda, MD, USA) at a 200× magnification.
Blood analysis
The concentrations of serum leptin and adiponectin were determined using the mouse leptin immunoassay kit and mouse adiponectin immunoassay kit (R&D Systems, Minneapolis, MN, USA), respectively, according to manufacturer's instructions. All other blood analyses were performed using TBA-40FR (Toshiba, Tokyo, Japan).
Stool sampling and extraction of total fecal DNA Stool samples were collected from mice during the final 2 days and were stored at −80 o C in a deep freezer for DNA extraction. Samples were homogenized in lysis buffer by vortexing for 1 min and the suspensions were incubated for 10 min in boiling water to lyse the cells (Ku and Lee, 2014) . DNA was extracted using QIAamp DNA Stool mini kit (Qiagen, Germantown, MD, USA). The purified total stool DNA samples were quantified using a NanoDrop 2000 (Thermo Scientific, Waltham, MA, USA).
Amplification of 16S rRNA for next-generation sequencing (NGS)
The purified total stool DNA samples were diluted to a concentration of 5 ng/L. For preparation of DNA sequencing templates, the 16S rRNA gene was amplified using polymerase chain reaction (PCR). The V3-V4 region of the 16S rRNA gene was amplified using 341 forward primer (5'-CCT ACG GGN GGC WGC AG-3') and 805R reverse primer (5'-GAC TAC HVG GGT ATC TAA TCC-3'). The PCR mixture contained 5 L stool DNA template (5 ng/L), 10 L forward primer (1 M), 10 L reverse primer (1 M), and 25 L 2× Kapa HiFi Hotstart ready mix (Kapa Biosystems, Woburn, MA, USA). The PCR products were purified using the QIAquick PCR purification kit (Qiagen) and were quantified using a Nano Drop 2000 (Thermo Scientific). After production of the .001 when compared with the normal diet group, and * P <0.05, ** P <0.01, and *** P <0.001 when compared with the high-fat diet group. ND, normal diet; HFD, high-fat diet; LAB, HY7601+KY1032.
16S amplicon library, the 16S rRNA amplicons were used as template DNAs for Illumina MiSeq sequencing (Illumina, San Diego, CA, USA), according to manufacturer recommendations (McElhoe et al., 2014) .
Bioinformatics analysis of NGS data
Raw data were analyzed using the QIIME package program. Analysis of raw sequence data was carried out using an Illumina Miseq and low-quality sequences were deleted during quality control. Paired-end reads were assembled using the QIIME merging script. Operational taxonomic unit (OTU) clustering of the high-quality sequences was carried out using the 16S rRNA sequences database as a reference (97% identity). The taxonomic assignment was performed using the Ribosomal Database Project (RDP) and National Center for Biotechnology Information (NCBI) database to analyze the microbiome composition of each sample. The Shannon index alpha diversity was calculated using the number of OTUs.
Statistical analysis
All data are presented as mean±standard deviation (SD). For histological and blood analysis, differences between groups were evaluated using unpaired Student's t-tests. For bioinformatic analysis of NGS data, differences between the groups were evaluated using the Mann-Whitney U-test. All values were deemed statistically significant at P<0.05.
RESULTS
Effects of probiotics and CR extract on weight of body, liver, and epididymal fat, and size of adipocytes in diet induced obese mice HFD supplementation for 10 weeks induced obesity in mice (Fig. 1A) . Final body weight was 39% higher (P< 0.001) in the HFD fed group compared with the ND group (Fig. 1B) . However, final body weight of mice fed the HFD containing LAB or LAB+CR was 14% (P<0.01) and 13% (P<0.05) lower than in the HFD fed group, respectively (Fig. 1B) . Gain in body weight was 33% (P< 0.001) and 23% (P<0.05) less in the LAB and LAB+CR fed groups, respectively, compared to that of the HFD group (Fig. 1C) .
Liver weight of mice in the LAB, CR, and LAB+CR groups were also significantly lower (P<0.05) than those in the HFD group (Fig. 1D) . However, weight of epididymal fat was only significantly lower than the HFD group in those fed with CR and LAB+CR (P<0.05) (Fig. 1E) . .01 when compared with the normal diet group, and * P <0.05, ** P <0.01, and *** P <0.001 when compared with the high-fat diet group. ND, normal diet; HFD, high-fat diet; LAB, HY7601+KY1032; GOT, glutamic oxaloacetic transaminase; GPT, glutamic pyruvic transaminase; LDH, lactate dehydrogenase. .001 when compared with the normal diet group, and * P <0.05, ** P <0.01, and *** P <0.001 when compared with the high-fat diet group. ND, normal diet; HFD, high-fat diet; LAB, HY7601+KY1032; HDL, high-density lipoprotein; LDL, low-density lipoprotein. The amount of epididymal fat was measured by histological analysis. White adipose epididymal fat was markedly enlarged in mice fed the HFD compared to those in the ND group, but was reduced in mice fed LAB, CR, and LAB+CR ( Fig. 2A) . The histological analysis showed significant reductions in the amount of fat in the CR, LAB, and LAB+CR groups compared to the HFD group (P< 0.05, P<0.01, and P<0.01, respectively, Fig. 2B ).
Effects of probiotics and CR extract on serum biochemistry, and lipid and hormone levels
The levels of liver toxicity biomarkers GOT and GPT were increased in the HFD group compared to the ND group; however, this increase was only significant for GPT (Table 1). GOT was significantly reduced in mice fed LAB and LAB+CR (P<0.01). GPT was reduced in the LAB, CR, and LAB+CR groups; however, this result was significant only in the LAB group (P<0.05). The level of lactate dehydrogenase, a marker for tissue and cell damage, was significantly increased in the HFD group (P<0.01) and decreased in mice fed LAB and LAB+CR (P<0.001 and P<0.05, respectively, Table 1 ).
Serum cholesterol levels were significantly increased in the HFD group compared with the ND group (P<0.001), but was not reduced in the LAB, CR, and LAB+CR groups ( Table 2 ). The levels of high-density lipoprotein cholesterol were markedly increased in the HFD group compared with the ND group (P<0.001), and was reduced in the LAB, CR, and LAB+CR groups (P<0.001 for CR and LAB+CR groups, Table 2 ). The level of low-density lipoprotein cholesterol was significantly increased in mice fed HFD compared to the ND group (P<0.001) and was reduced in the LAB, CR, and LAB+CR groups, significant only in the LAB+CR group (P<0.05, Table 2 ). Serum triglyceride levels were increased 20% in the HFD Values are presented as means±SD. ND, normal diet; HFD, high-fat diet; LAB, HY7601+KY1032; OTU, operational taxonomic unit. group compared to the ND group (P<0.05), and were significantly reduced in mice fed LAB+CR (P<0.01, Table 2).
The levels of serum adiponectin were significantly decreased in mice fed the HFD compared to ND group (P< 0.05), but were increased when the HFD was supplemented with LAB, CR, and LAB+CR (P<0.05, Fig. 3A) . Serum leptin levels were elevated in mice fed the HFD compared to the ND group (P<0.001), but were reduced when HFD was supplemented with LAB, CR, and LAB+ CR (P<0.05, Fig. 3B ).
Effects of probiotics and CR extract on the diversity of gut microbiota in diet-induced obese mice
To determine changes in gut microbiota caused by dietinduced obesity, and the effect of probiotics and CR extract, fecal microbiota were analyzed by targeting the V3-V4 region of the 16S rRNA with the 341F/805R primer set using Illumina Miseq, as described above. We obtained an average of 88,569 filtered high-quality reads per sample, which were mapped to the OTUs using the NCBI and RDP database at 97% identity. We discovered an average of 5,113 OTUs per sample (Table 3) .
The alpha diversity of gut microbiota was measured by determining the Shannon index (Fig. 4) . The Shannon index in the ND group ranged from 4.3702 to 4.6993, with an average of 4.5096; the Shannon index was significantly different in the HFD group, with an average of 4.2826 (range 4.2726 to 4.3600). The average Shannon indexes for the LAB, CR, and LAB+CR groups were 4.4600, 4.5316, and 4.4785, respectively, and were significantly higher than that of the HFD group.
Effects of probiotics and CR extract on the composition of gut microbiota in diet-induced obese mice
The two most abundant phyla in the gut microbiota were Firmicutes and Bacteroidetes, which comprised 70% of those in every treatment group (Fig. 5A) . The abundances of Firmicutes and Bacteroidetes were increased and decreased, respectively, in the HFD group compared to the ND group. The ratios of Firmicutes and Bacteroidetes abundances were further increased in the LAB, CR, and LAB+CR groups compared to the ND group. In addition, the abundance of Deferribacteres was significantly increased in the HFD group compared to the ND group, but was decreased in the LAB and LAB+CR groups compared to the HFD group (changes not significant). The reads of the phylum extract on the composition of gut microbiota at (A) phylum and (B) family levels, and (C) the number of genera in the gut microbiota in mice fed a high-fat diet. ND, normal diet; HFD, high-fat diet; LAB, HY7601+KY1032.
Tenericutes were also significantly decreased in the LAB group compared to the HFD group (Fig. 5A) .
We further analyzed differences in the composition of gut microbiota at the family level (Fig. 5B) . We found that all treatment groups had an increased percentage of Lactobacillaceae and Lachnospiraceae compared to the ND group, with the largest increase observed in the LAB+ CR group. When analyzed at the genus level, the total number of genera in the five groups was 490, with only 139 genera commonly shared in all five groups (which included the core bacteria). The ND group comprised of 139 core and 111 non-core bacteria, and had the largest diversity, whereas the HFD group comprised of 139 core and 65 non-core bacteria. The LAB, CR, and LAB+CR groups had 78, 85, and 91 non-core bacteria, respectively, higher in all cases than the HFD group (Fig. 5C ).
DISCUSSION
Obesity is a major health issue. Obesity has become a global healthcare burden as it is closely related to metabolic diseases, including type 2 diabetes, cardiovascular disease, and several types of cancer (Bray, 2000; Leonhardt et al., 1999) . There are various medications for inducing weight loss, however since all have side effects, safe and effective treatment strategies are warranted. In the present study, we investigated the anti-obesity effects of different combinations of HY7601 and KY1032 with CR extract, and determined the how they modify intestinal microbiota in high-fat diet-fed mice.
Mice fed the HFD diet for 10 weeks gained 39% more weight compared to the ND-fed mice. The weight gain correlated to increases in liver and epididymal fat weight, which were increased 98% and 29% more than in ND-fed mice, respectively. However, supplementation with probiotics, CR, or both alleviated the gain in body, liver, and epididymal fat weight. The area of adipose tissue in epididymal fat was also reduced, especially in the group fed probiotics and CR, which showed a synergistic effect.
Diet-induced obesity models are prone to increases in levels of plasma cholesterol and triglycerides, which are commonly associated with dyslipidemia (Do et al., 2011) . Our study showed that both probiotics and CR reduced blood cholesterol and triglyceride levels. Previous studies have reported that probiotics lower plasma cholesterol, likely through a mechanism where probiotics promote fecal excretion (Xie et al., 2011; Paik et al., 2005) . Alternatively, cholesterol can be metabolized by resident intestinal microbiota (Veiga et al., 2005) . Although the major factors involved in the cholesterol-lowering activity of microbes have not yet been elucidated, our data show that for HY7601 and KY1032 this activity is promoted by the presence of CR.
Adiponectin is a hormone produced by adipocytes that acts as an anti-diabetic, anti-atherogenic, and anti-inflammatory adipocytokine (Masuyama et al., 2015) . Decreases in the level of adiponectin in circulation are associated with obesity, insulin resistance, and type 2 diabetes (Stefan et al., 2002; Lihn et al., 2005) . Leptin is a hormone exclusively secreted by adipocytes, and is involved in regulating the balance between food intake and energy expenditure (Cho et al., 2008) . Leptin is an indicator of obesity as its secretion depends on the proportion of stored triglycerides, and its concentration in circulation correlates obesity (Maffei et al., 1995; Havel, 2000) . In this study, treatment with probiotics, CR, or both increased the concentration of adiponectin and decreased the concentration of leptin in the blood.
Recent metagenomics data suggests that a low-diversity in the fecal microbiome is related to adiposity and metabolic disturbances, due to a decreased capability to produce butyrate (Daniel et al., 2014) . In agreement with the results of this study, the alpha diversity in HFD-fed mice was significantly decreased, whereas supplementation of LAB, CR, or both did not induce significant changes compared to that of the ND-fed mice.
Firmicutes and Bacteroidetes are the most abundant members of the intestinal microbiota. The ratio of these bacterial groups can change due to different factors, including obesity (Zhang et al., 2012; Ley et al., 2005) . Our study showed an increase in the F/B ratio in HFD-fed mice compared to the ND-fed mice, and was increased further in the LAB, CR, and LAB+CR groups. This might be due to the increase in the abundance of Lachnospiraceae, which belongs to Firmicutes. Lachnospiraceae is known to produce butyrate, which prevents colon cancer and fat accumulation (Meehan and Beiko, 2014; Duncan et al., 2008) . Deferribacteres, another phylum that is present in the mouse gut, contains Mucispirillum, the abundance of which increases in HFD-fed mice (Ravussin et al., 2012) . The HFD group had an increased abundance of Deferribacteres compared with the ND-fed group, whereas the abundance was low in the LAB+CR group.
At the family level, we discovered an increase in the abundance of Lactobacillaceae in mice fed LAB+CR. Both the LAB and LAB+CR groups were supplemented with the same CFU of LAB; however, the LAB+CR group had a significantly higher ratio of Lactobacillaceae, which leads to the conclusion that CR might help HY7601 and KY1032 to settle in the gut.
Short chain fatty acids are the primary end-products produced by the gut microbiota, and act as metabolic substrates regulating the cellular metabolism in the host (Morrison and Preston, 2016) . Acetatifactor is a genus that produces acetate and butyrate in the gut (Pfeiffer et al., 2012) . Our data show that the ratio of Acetatifactor was not significantly altered in the HFD group compared to the ND group, but was significantly increased in the LAB, CR, and LAB+CR groups (data not shown).
In the present study, we showed that the gain in body weight and several other symptoms of obesity were alleviated, and the gut microbiota was altered in diet-induced obese mice treated with a mixture of HY7601, KY1032, and CR. These findings suggest that the synergic effect of HY7601, KY1032, and CR, which modulates gut microbiota, may represent a natural alternative for alleviation of obesity.
